Exciting progress has been made in the last decade by those who use physical methods to study the structure of the ribosome and its components. The structures of 10 ribosomal proteins and three isolated ribosomal protein domains are known, and the conformations of a significant number of rRNA sequences have been determined. Electron microscopists have made major advances in the analysis of images of ribosomes, and microscopically derived ribosome models at resolutions approaching 10Å are likely quite soon. Furthermore, ribosome crystallographers are on the verge of phasing the diffraction patterns they have had for several years, and near-atomic resolution models for entire ribosomal subunits could emerge from this source at any time. The literature relevant to these developments is reviewed below.
PERSPECTIVE AND OVERVIEW
The word "ribosome" was coined by Roberts in 1958 to describe a class of ribonucleoprotein particles that had been discovered in cytoplasm a few years earlier (69) . Ribosomes were already the objects of intense scrutiny because of their involvement in protein synthesis (50) , and large numbers of molecular biologists devoted themselves to ribosome-related problems until the late 1960s, when the coding problem was solved. The understanding of protein synthesis and ribosome function that emerged in that era has since required only modest adjustment.
Suffice it to say that the ribosome is a template-directed polymerase, similar in function to an RNA or a DNA polymerase. The most important functional differences between it and other polymerases are that it uses nucleic acid templates to direct the synthesis of proteins rather than other nucleic acids, and the chemistry it catalyzes consumes aminoacyl tRNA rather than nucleoside triphosphates. Protein sequences are determined by ribosome-mediated basepairing interactions between tRNA anticodons and messenger RNA triplets, and the enzymatic activity that catalyzes peptide bond formation, peptidyl transferase, is intrinsic to the ribosome.
Given the importance of the ribosome in gene expression, the intimate involvement of RNA in all of its functions, and its formidable size, it is an exceedingly attractive target for structural biologists, as well as a tremendous challenge. Substantial progress has been made recently, and it is conceivable that the structure of the ribosome will be solved at atomic resolution in the next five years. The purpose of this article is to review what is known about the three-dimensional structure of the ribosome and its components. Readers interested in other aspects of the field should consult the volumes the ribosome community has produced at odd intervals, mostly in conjunction with its international symposia (e.g. 35, 52, 60, 101).
ORGANIZATION OF THE RIBOSOME

Subunit Structure
The molecular weights of ribosomal particles range from about 2.5 × 10 6 , which is typical of bacterial ribosomes, to about 4.5 × 10 6 for the cytoplasmic ribosomes of eukaryotes, and the ratio of molecular weight of RNA to that of protein in all ribosomes is about 60:40. Ribosomes are 1:1 complexes of two nonequivalent ribonucleoprotein subunits, the larger being about twice the size of the smaller. The small subunit binds mRNA, and mediates the interactions between mRNA and tRNAs. The large subunit catalyzes peptide-bond formation, and is important in the factor-dependent steps of protein synthesis. During the initiation phase of protein synthesis, the two subunits behave independently, assembling into complete ribosomes only when elongation is about to begin (31).
Chemical Composition
The chemical composition of the ribosome is hard to define accurately because it copurifies with all the molecules with which it interacts during protein synthesis, as well as associating accidentally with substances released when cell compartments are disrupted. Furthermore, procedures that remove contaminants from ribosomes also deplete them of legitimate components. Thus ribosomes have the perverse property that the lower their content of contaminating substances, the lower their specific activity in protein synthesis in vitro.
In bacteria, small subunits contain a single copy of an RNA having a molecular weight of about 500,000 (16S rRNA). Large subunits contain a single RNA whose molecular weight is about 1,000,000 (23S rRNA), and one copy of a 40,000 molecular weight RNA (5S rRNA). With the exception of their 5S rRNAs, the rRNAs in the cytoplasmic ribosomes of the typical eukaryotes are bigger than their prokaryotic counterparts, and while their small subunits contain a single large rRNA (18S rRNA), their large subunits contain three: 5S rRNA, 5.8S rRNA, and 28S rRNA. 5.8S rRNA is homologous to the 5 end of bacterial 23S rRNA, and 28S rRNA is homologous to the rest (59) . No one knows why the RNA in eukaryotic large subunits is subdivided, but the ribosomes of some protozoans offer far more extreme examples of the same phenomenon (e.g. 72) .
Despite the purification problems alluded to above, by about 1975 the protein composition of the E. coli ribosome was understood in a general sense. Its small subunit contains single copies of each of 21 different proteins, and their average molecular weight is about 15,000. The 31 proteins in the large subunit of E. coli are about the same size (93) . Large subunits contain single copies of every protein except the one called L7/L12, which is present in four copies. Eukaryotic ribosomes are qualitatively similar. They contain single copies of almost all the proteins found in them, but on average, eukaryotic ribosomal proteins are bigger than prokaryotic ribosomal proteins, and there are more of them (97) . Ribosomal proteins are identified by an arbitrary numbering system (91, 94) about which all the reader need know is that small subunit proteins are designated SX, where S stands for "small subunit" and X is an integer. Large subunit proteins are designated L(arge)X.
The chemical composition of the ribosome has important structural implications. Macromolecular assemblies that contain single copies of most components must be asymmetric. It follows that each ribosome must have a single peptidyl transferase site, single sites for binding tRNA and mRNA, etc, and must therefore synthesize one polypeptide chain at a time, as the biochemical data have long indicated.
THE RIBOSOME AT LOW RESOLUTION
Shape
The asymmetry implied by the chemical composition of the ribosome is evident even in low resolution electron-microscopic images of negatively stained particles. Both subunits have distinctive shapes, and by about 1980 there was Figure 1 The shapes of the ribosome and ribosomal subunits from E. coli. Upper left: 50S subunit. Upper right: 30S subunit. Lower: 70S ribosome. The models shown in these photographs were provided by James Lake (44) . a consensus that ribosomes resemble the objects shown in Figure 1 (44) . The large subunit from E. coli is an irregular hemisphere, the "flat" face of which interacts with the small subunit. The projection extending form the right side of the particle's face in Figure 1 , the "stalk," comprises L7/L12. Its middle projection, or "central protuberance," consists primarily of 5S rRNA and its associated proteins. The one on the left is composed primarily of L1. The small subunit is flatter and is divided into three domains. A relatively small "head" is joined to the "body" of the particle by a narrow neck, and the particle includes a "platform" that extends upwards from the body. While ribosomes from different kingdoms can be distinguished morphologically at this resolution, basically, they all look alike (45) .
Quaternary Structure
Electron microscopy has also contributed to our understanding of the quaternary structure of the ribosome. The 52 ribosomal proteins in E. coli are so different in sequence that antibodies can be raised against them that do not cross-react between species (see below). Because almost all ribosomal proteins present epitopes on the surface of the ribosome, most antiribosomal protein antibodies bind to intact ribosomes (75) . Furthermore, when these complexes are embedded in negative stain, their antibody components can be visualized (e.g. 87). Thus antibodies can be used as protein-specific stains to determine the positions of protein epitopes on the surface of the ribosome. By the mid 1980s, the positions of the surface epitopes of all the proteins in the E. coli small subunit had been mapped this way, as well as those of many large-subunit proteins (70, 77) . 5S rRNA, some critical rRNA sequences, and a number of other important sites on the ribosome had also been located (e.g. 55, 66, 76) .
The positions of ribosomal proteins were also determined by small-angle neutron scattering. The difference in neutron scattering between a protonated ribosome and a ribosome that contains two deuterated proteins in an otherwise protonated background is big enough to measure, and the distances between labeled proteins can be determined from difference signals of this kind (21, 38, 38a) . Following demonstrations of the feasibility of this approach in the late 1970s-which depended on the reconstitutability of bacterial ribosomes and the ability of bacterial to grow in deuterated media (22, 46, 56) -a series of ever more complete partial maps of protein positions in the small ribosomal subunit from E. coli appeared, and the job was completed about 10 years later (9, 10) . Figure 2 shows the result. Because the neutron map is reasonably consistent with the other data available at the time, it can be regarded as a summary of what was known about 30S quaternary structure as of 1990.
The distribution of protein in the E. coli 50S subunit was pursued the same way, but a complete map did not result. Only about 50 distances were measured, and seven proteins placed in three dimensions (53) . Because the immunoelectron Figure 2 The placement of proteins within the 30S subunit. Proteins are shown as spheres the volumes of which are proportional to molecular weight. Their placement was determined by neutron scattering (10) . The protein array is superimposed on the outline of the 30S subunit in a manner that maximizes its overlap with epitope positions determined by immunoelectron microscopy. This figure was provided by Malcolm Capel. microscopic information for the 50S subunit is also incomplete, our understanding of its quaternary organization is comparatively poor (78) .
Investigation of ribosome structure by neutron scattering did not stop with the termination of the large subunit mapping project. New methods for extracting molecular shapes from SANS and SAXS data are being used today to study the shapes of the ribosomal subunits (80). Further, a major effort is under way to use dynamic nuclear polarization to generate contrast in ribosome samples. The feasibility of this approach has been demonstrated (54) , and recent work indicates that information about the locations of single ribosomal components is likely to emerge (79) .
rRNA STRUCTURE
Sequences and Secondary Structures
The first RNAs sequenced were tRNAs, and the secondary structures of these molecules were surmised from their sequences almost immediately, because the now-familiar cruciform structure of tRNAs maximizes their hydrogen bonding. The sequence of 5S rRNA from E. coli, which was the first non-tRNA RNA to be sequenced, was harder to interpret in this regard (7) because many different stem-loop structures can be proposed for it that have about the same number of base pairs (see 23). The now-familiar three-stem model for 5S rRNA ( Figure 4 ) emerged from sequence comparisons done in the mid 1970s (26). The reasoning used is very powerful. Because homologous RNAs perform the same function, they must have the same structure. Therefore only the secondary structure that is compatible with all 5S sequences can be correct.
Six years later, the comparative, phylogenetic approach was applied to16S rRNA sequences with spectacular results (65) . The input data were Noller's newly obtained sequence for E. coli 16S rRNA, and Woese's collection of oligonucleotide sequences derived from the 16S-like rRNAs of many species. A later, more refined version of their model is shown in Figure 3 (32). A similar model for 23S rRNA appeared shortly thereafter, which has also been refined over the years (64) . These secondary structure models for 5S, 16S, and 23S rRNA have been tested by countless experiments; they are accurate descriptions of the secondary structures of these rRNAs, both in the ribosome and in solution (101).
The fact that the phylogenetic method works with rRNAs proves that the structures of rRNAs in all species are fundamentally alike, and provides compelling evidence that despite obvious differences in overall size, protein composition, and so on, the structures of the regions of the ribosome critical for function must be similar. Eukaryotic rRNAs are larger than their prokaryotic counterparts because they include "insertions" that lengthen stems and augment loops, but otherwise their secondary structures resemble those of prokaryotic rRNAs. Similarly, the rRNAs that are smaller than their regular prokaryotic homologues are smaller owing to block deletions in stems and loops that do not alter their overall organization. Observations like these helped make the hypothesis that RNA is responsible for everything important in ribosomes an article of faith in the field. (For supporting evidence see 63.) rRNA Substructures Current rRNA secondary structure models leave the secondary structure of a lot of rRNA unspecified. This does not mean that those sequences are unstructured, however. When sequences are conserved, the sequence covariations used to prove the existence of base-base interactions cannot be observed. There are also instances where the variations seen are enigmatic, and so again no structure is specified. Furthermore, most stems include internal mismatches and terminal loops about which sequence comparisons are uninformative. In recent years, physical biochemists have begun studying the structures of oligonucleotides containing such sequences. Table 1 lists the ones whose three-dimensional structures are known. Not surprisingly, the rRNA about which the most is known is 5S rRNA. The structure of the entire helix I, IV, V-half of E. coli 5S rRNA (Figure 4 ) has been determined crystallographically, and separate solution structures are available for its helix I and for its helix IV, V/loops D/E region, as well as an independent crystallographic structure for its loop E region (see Table 1 ). The structures of the helix I region of Thermus flavus 5S rRNA and the loop E region from Xenopus laevis have also been determined. As expected, except for wobble GUs, the helices in 5S rRNA are regular A-form helices. Further, the solution structure of the molecule closely resembles its crystal structure.
As is clearly evident in Figure 5 , however, the structure of loop E is distinctly different in eubacteria and eukaryotes. The eukaryotic molecule contains a (GC)(GA)(AU) motif followed by a bulged G. Eubacterial loop Es have two similar (GC)(GA)(AU) motifs, arranged palindromically, with three nonWatson-Crick base pairs in between. Much less is known about the large rRNAs, both in absolute terms and in proportion to their sizes. Many of the loops that close their stem/loops are "tetraloops," i.e. loops that consist of four bases, and sequence comparison has revealed that certain sequences appear with unusually high frequency in tetraloops: UNCG, GNRA, and CUNG (84, 95) . Structures are available for all three types. As expected, these specially favored tetraloops are stabilized by interactions that would be eliminated if their sequences were altered. Presumably the structures of these loops are the same everywhere they appear in nature.
The so-called GTPase center in 23S rRNAs, which binds thiostrepton and protein L11 and interacts with elongation factors, includes a hexaloop the conformation of which has been studied spectroscopically by two groups in two slightly different oligonucleotides. For reasons that are not understood, its conformation is different in the two oligonucleotides (24, 40). Nevertheless, both groups agree that this loop resembles the anticodon loops in tRNAs.
The longest totally conserved sequence in rRNAs occurs in a loop in 23S-like rRNAs, between A2654 and A2665 (E. coli). It is called the "sarcin/ricin loop" (SRL) because it is the target of the protein toxins ricin and sarcin, which catalyze the alteration of its covalent structure (19, 20) . This modification inactivates ribosomes because it renders them unable to bind elongation factors properly, and once a sufficient number of ribosomes have been inactivated this Figure 5 Comparison of the conformations of prokaryotic and eukaryotic loop E. Upper: stereo view of loop E from E. coli as determined by X-ray crystallography (13) . Lower: X. laevis loop E determined by NMR (90) . The two structures are aligned so that their (GA)(AU) motifs are oriented in the same way. The coordinates for eukaryotic loop E were supplied by Ignacio Tinoco.
way, cells die. Surprisingly, this molecule contains a bulged G motif similar to that found in loop E of eukaryotic 5S rRNA ( Figure 5 ), and is capped by a GAGA tetraloop that has the standard GNRA tetraloop conformation.
Recently an extremely interesting structure was published of a complex between paromomycin, an aminoglycoside antibiotic that affects the fidelity of coding, and an oligonucleotide that corresponds to the A-site of 16S rRNA, where tRNA anticodons interact with mRNA codons (25). It provides a wealth of detail about the way aminoglycosides bind to ribosomes. It explains why bacteria are more sensitive to aminoglycosides than are eukaryotes, suggests the mechanism of many of the mutations that affect aminoglycoside sensitivity, and suggests the way mRNA binds to ribosomes.
As soon as the first rRNA secondary structures models appeared, people began building three-dimensional models of the ribosome, which are effectively rRNA tertiary structure models. It is easy to understand why. The rRNA sites that interact with specific ribosomal proteins had been identified by a generation's worth of "bind-and-chew" experiments, chemical and enzymatic protection experiments, and by affinity labeling (e.g. 33). Furthermore, much was already known about the physical locations of proteins and the overall shape of the ribosome (see above). Finally, some RNA-RNA cross links had been identified (e.g. 17). It seemed obvious that it should be possible to produce a three-dimensional summary of this information that, with luck, might actually resemble the ribosome.
The problem was-and still remains-that no single source of experimental information comes close to providing enough information to place all the stems/loops in rRNA in three dimensions, let alone determine the positions of its "unstructured" connecting strands. Thus, to build any model at all, information about protein positions and protein binding sites had to be merged with data on RNA cross-linking, affinity-labeling, and the like, and assumptions made that had little experimental support. Mergers like this cannot be done in a rigorously logical way because each type of data speaks to a different aspect of the underlying structure (6) . In recent years, the dominant contributors to the modeling literature have been Harvey's group, which has used molecular dynamics to find models compatible with all of the data available (18), Noller's group, which favors combining information on the sequences to which proteins bind with protein positions (62) , and Brimacombe's group, which stresses the use of RNA-RNA and ligand-RNA cross-linking data (57) .
The 30S subunit has gotten most of the attention both because it is smaller, and because the data are more complete. Some of the low-resolution conclusions reached are certainly correct. For example, the large 5 domain of 16S rRNA (see Figure 3) forms the bulk of the body of the 30S subunit. The middle domain of 16S rRNA and its long 3 terminal stem/loop form the lateral platform of the subunit, and its large 3 domain is the subunit's head. The large domains of 23S rRNA can also be placed within the large subunit's shape with some confidence (6) . The internal organization of these domains is more problematic, but here too there is some agreement, forced by the need for compatibility with the data on the placement of ribosomal proteins and protein binding sites. The significance of the differences between models, of which there are many, is hard to evaluate.
In the last two years, Brimacombe's group has started constraining its models by fitting RNA sequences into the (relatively) high-resolution electron density maps of the small subunit produced by electron microscopists (73) (see also below). This initiative may be premature because of limitations imposed by the low resolution of the images being interpreted. It is worth noting, however, that when and if higher resolution electron density maps of the ribosome are generated, they will be interpreted the same way: by fitting models of RNA and polypeptide sequences into electron density.
RIBOSOMAL PROTEINS
Primary Structures
Sequencing of ribosomal proteins began 30 years ago, when the first ones were purified, and has been under way ever since. Tremendous progress has been made, but the implications of this work are underappreciated both because of the field's fixation on rRNA and because the appearance of sequences has been so gradual. By 1984, sequences were available for the 52 ribosomal proteins from E. coli (92) , and many have since been sequenced from other eubacterial and archaebacterial species (94) . The project to sequence the 80 proteins from the rat ribosome is also virtually complete (97) , and a flood of new ribosomal protein sequences is being delivered by the genome sequencing projects.
Several qualitative conclusions have emerged. First, there is little evidence for sequence homologies within the set of ribosomal proteins found in any organism (93) . This is why antibodies can be raised that are specific for each member of such a set. Second, it is clear that homologies exist between species. Within kingdoms, almost all the ribosomal proteins in one species have homologues in another. In addition, there is convincing evidence for homologies between the ribosomal proteins from archaeal and eubacterial species. It is, however, harder to find the eukaryotic homologues of eubacterial ribosomal proteins without using their archaeal homologues as "intermediates," an observation that has interesting evolutionary implications (97) . Third, there is intriguing evidence that at least some ribosomal proteins may have evolved from proteins that had different functions, or possibly vice-verse (96) .
These observations demonstrate that the ancestral organism from which the three kingdoms diverged had ribosomes that included protein as well as RNA. They also imply that if modern ribosomal proteins evolved from a smaller set of ancestral ribosomal protein, as has been proposed in the past, they diverged so long ago that little or no trace remains in their sequences. Finally, because homologous proteins should have homologous functions, these data imply that the quaternary structures of ribosomes are conserved across kingdom boundaries also.
Tertiary Structures
Both because L7/L12 is acidic (most other ribosomal proteins are not), and because it easily washes off of ribosomes, L7/L12 (E. coli) was the first ribosomal protein to be purified and sequenced. Its C-terminal domain was also the first part of the ribosome to have its structure solved in three dimensions (48) . Eight more crystal structures and four NMR structures have been reported for ribosomal proteins, or domains of ribosomal proteins, since 1980, most of them for proteins from thermophilic bacteria. The reason that thermophilic ribosomal proteins have been favored is that they are apparently more stable at room temperature than mesophilic ribosomal proteins in solution. Although the structures of individual ribosomal proteins tell us relatively little about ribosome function, comparisons within the set and between members of the set and nonribosomal proteins have become increasingly enlightening. Someday, useful information may be gained by building these structures into low-resolution ribosome models. Table 2 lists the structures available, and Figures 6 and 7 display their topologies.
Several conclusions have already emerged. First, the topologies of the Cterminal domain of L7/L12, the N-terminal domain of L9, L30, and S6 resemble that of the small nuclear RNP (snRNP) protein U1A, which binds to RNA through its exposed β sheet (67) . Presumably these ribosomal proteins do the same. Second, no single topology dominates. Several α/β topologies are found in ribosomal proteins in addition to that found in L7/L12, and there are two examples of all-β proteins (L14 and S17) and one example of an all-α-helix domain (S15). Third, five of these proteins are probably bivalent RNA binders: L1, L6, L9, S5, and S8. All these proteins probably stabilize rRNA tertiary structure by fixing the positions of pairs of rRNA sequences. Because the two domains of L6 have the same topology, it is likely to be the product of a gene duplication. It is less obvious how the others evolved. L9 is striking because the distance between its two globular domains is determined by a long α-helical spacer. Fourth, it has been discovered that the RNA-binding, C-terminal domain of L11 resembles the DNA-binding domains of homeodomain proteins, and evidence has been obtained that L11, like homeodomain proteins, binds to nucleic acids through its helix-turn-helix motif (98) . These observations testify to the validity of the proposals made on the basis of sequence comparisons that at least some ribosomal proteins are homologous to proteins that have other functions in the cell. This concept is further supported by the discovery that other proteins-e.g. elongation factor EF-G-contain domains that resemble ribosomal proteins (1, 58) . It is clear that ribosomal proteins did not all evolve from the same ancestral protein; their tertiary topologies are too diverse for that. However, could it be, for example, that all proteins that include L7/L12-like domains share a common ancestor? Might it also be that the ribosomal versions of domains that occur in other proteins are the "closest living relatives" of the ancestors of those domains?
HIGH-RESOLUTION ELECTRON MICROSCOPY
About the time consensus was reached about the low-resolution shapes of the ribosome and its subunits, efforts got under way to analyze ribosome images quantitatively in three dimensions (e.g. 28). Over the next decade, as technical problems were solved, a stream of ever-more-accurate ribosome reconstructions appeared, all derived from the familiar negatively stained images. The farther along the enterprise got, the more irregular the appearance of both ribosomal subunits. The surface of the ribosome is far rougher than that of ordinary enzymes. It is full of crevices and invaginations big enough to swallow entire macromolecules of ordinary size, which is not surprising, given the size of the proteins and RNAs ribosomes interact with during protein synthesis.
Reconstructions done using micrographs of ribosome microcrystals led to an even more startling result; a hole runs through the middle of the 50S subunit, from its subunit interface all the way to its "back" (99) . Because the hole starts near the peptidyl transferase site and ends about where nascent polypeptides first emerge from the ribosome (4), it is possible that nascent polypeptides work their way through it as they elongate.
The resolution of negative-stained images is limited to 20-30Å by the grain size of the stain. Their interpretation is complicated by the tendency of macromolecules to bind heavy metals specifically and thus to become positively as well as negatively stained. Thus the development of methods for visualizing ribosomes embedded in vitreous ice was a huge advance. It eliminated the need for staining, and also avoided specimen dehydration (27). The payoff came in mid 1995, when two groups announced independent 20-25Å resolution reconstructions of the ribosome derived from the merger of thousands of low-dose images obtained from samples of this kind (29, 73) . To understand the magnitude of the advance, the reader need only compare Figure 1 with Figure 8 . A 38Å resolution image of the eukaryotic ribosome was also reported (86) , as well as a reconstruction at similar resolution of the small subunit of E. coli documenting small differences between activated and inactivated subunits (47) .
Early in 1996, the Frank group reported images of ribosomes with tRNAs bound (2) . The particles in question had tRNAs bound simultaneously to their A, P, and E sites, and while the resolution was not high enough to determine the orientations of the tRNAs unambiguously, it is now clear where tRNAs bind to the ribosome. A year later, van Heel and colleagues published images of ribosomes with 2 tRNAs bound, in both the pretranslocational and posttranslocational states (74) . The positions found for tRNAs by van Heel et al fall inside the tRNA envelope defined by Frank and his colleagues. However, Figure 8 Surface views of the E. coli ribosome and its subunits at 23 D resolution. The images shown were obtained by cryoelectron microscopy (29) using methods described in detail by Zhu and coworkers (100) . The views used were chosen to approximate those in Figure 1 . They were produced by Yanhong Li and Joachim Frank. the two groups do not agree about the orientations of tRNAs in the A, P, and E sites. This is not surprising given the resolution of the images available, and there is every reason to believe that interpretations will converge when higher resolution images become available.
In the next few years, electron microscopists are certain to reap a tremendous harvest of information about the structure of the ribosome and the complexes it forms during protein synthesis. Some feel that electron microscopy can produce 10Å-resolution images. If so, reliable near-atomic resolution models of the ribosome are likely to result.
RIBOSOME CRYSTALLOGRAPHY
The progress made by the electron microscopists challenges the long-held belief that crystallography will be the source of high-resolution explanations for ribosomal phenomena. The first ribosome crystals were obtained by Yonath and coworkers about 1979, and she and her colleagues have been the principal champions of ribosome crystallography ever since. They discovered ways of preparing crystals that diffract to high resolution (85) , and developed methods for obtaining high resolution data from them (37) . What they have not been able to do so far is find a way to phase their ribosomal diffraction patterns. Yonath's group has concentrated much of its effort on the introduction of heavy metal cluster compounds into ribosome crystals, and believe they have had some success in obtaining isomorphous derivatives this way (71, 82, 83) , but nothing of use to the rest of the community has emerged as yet. However, the stalemate that has existed in this area for a number of years could be broken at any time. Once the first good derivative is obtained, our understanding of the ribosomal architecture and protein synthesis will be instantly transformed. rRNA Substructures The conformation of the tetraloop that caps the 3 -most stem/loop in eukaryotic 18S rRNA has been determined by NMR (7a), as has the conformation of the conserved loop in 23S-like rRNAs that interacts with the CCA end of tRNAs (67a). In addition, we now have a structure for the region of 16S rRNA that binds ribosomal protein S8 (43a).
rRNA Tertiary Structure Models A detailed model for the 30S subunit based on fitting RNA sequences into EM-based electron density maps has appeared (57a-c).
Protein Tertiary Structures Crystal structures have been reported for S7 from T. thermophilus (90a) , and for S7 from B. stearothermophilus (39 
